For many envisioned applications of lentivirus vectors as tools in respiratory biology and therapeutic gene delivery, the efficiency of gene transfer must be improved. We previously demonstrated stable, persistent (>11 months) in vivo expression following a single application of a feline immunodeficiency virus (FIV)-based lentivirus vector (GP64-FIV) to murine nasal epithelia. Here we investigate the efficacy of repeated administration of lentivirus vectors to the airways. Using quantitative bioluminescent imaging, we found that consecutive daily dosing achieved a linear increase in gene expression and greatly increased the number of epithelial cells targeted. Surprisingly, reporter gene expression also increased additively following each of seven doses of FIV delivered over consecutive weeks (1 dose/week), without the development of systemic or local neutralizing antibodies. This approach enhanced expression of both reporter and therapeutic transgenes. Transduction efficiency achieved following a single dose of FIV expressing mouse erythropoietin was insufficient to increase hematocrit, whereas seven consecutive daily doses significantly increased hematocrit. These unexpected results contrast strikingly with findings reported for adenovirus vectors. Prolonged gene expression has been observed in vivo following a single dose of virus vector; however, depending on the application, repeated administration of vector may be necessary to achieve stable, therapeutic gene expression.
Several issues limit the application of gene transfer as a useful tool for pulmonary cell biology studies and impede its translational utility for treating diseases of respiratory epithelia. A limitation for many vector systems is the inability to readminister the vector as transgene expression wanes. Mucosal innate and adaptive immune responses against the vector or vector-encoded proteins represent a significant impediment to clinical applications and are well documented for virus vectors such as adenovirus (Ad) (15, 16) and adeno-associated virus (AAV) (14) . Indeed, a driving force behind the development of helper-dependent Ad vectors (24) and the search for alternative AAV vector capsids (12, 28) has been avoidance of adaptive immune responses. An alternative strategy is the use of integrating virus vectors of the retrovirus family (13, 39) .
Little knowledge exists regarding the potential for readministration of retro-or lentivirus vectors to the airways. In a previous study we showed that a single administration of a vesicular stomatitis virus glycoprotein (VSV-G)-pseudotyped feline immunodeficiency virus (FIV) lentivirus vector with a formulation designed to disrupt epithelial tight junctions achieved a gene transfer efficiency of 1 to 14% in rabbit lower airways (43) . Subsequently, we demonstrated that pseudotyping FIV with the envelope glycoprotein from Autographa californica multicapsid nucleopolyhedrovirus (GP64-FIV) conferred novel apical entry properties for transduction of polarized primary cultures of human airway epithelia (37) . Furthermore, using a luciferase (Luc) reporter and bioluminescence imaging, we observed persistent in vivo gene expression following delivery of a single dose of GP64-FIV to mouse nasal epithelia. Longitudinal bioluminescence analysis documented expression in nasal epithelia for Ͼ11 months without significant decline, suggesting targeting of a population of progenitor cells. Other studies performed with retroviruses in mouse models were of short duration (7, 19, 20, 23, 27, 35) and thus did not address long-term persistence of expression. Furthermore, the transduction efficiency from a single vector application may be insufficient for envisioned applications.
Here we asked whether it is possible to repeat lentivirus vector administration to the respiratory tract and increase gene transfer. A GP64-pseudotyped FIV was repeatedly delivered to murine nasal epithelia. Transduction efficiency, persistence of expression, and host responses were investigated. We report the successful readministration of reporter and therapeutic transgenes to respiratory epithelia without the development of mucosal inhibitory antibodies. These novel findings in the nasal epithelia have implications for the development of gene transfer strategies to study airway biology and to treat genetic and acquired disorders of the respiratory system.
MATERIALS AND METHODS
Vector production. The FIV vector system utilized in this study (21, 43) expressed either mouse erythropoietin (mEPO), nucleus-targeted ␤-galactosidase (␤-Gal), or firefly Luc. Pseudotyped FIV vector particles were generated by transient transfection and concentrated 250-fold by centrifugation, and their titers were determined by real-time PCR as previously described (38) . mEPO cDNA was obtained from Open Biosystems (clone identification no., 8734014; accession no., BC119265), the sequence was confirmed, and the cDNA was cloned into the FIV3.3RSV(Rous sarcoma virus) backbone (38) .
In vivo virus vector administration. Female, 6-to 10-week-old, 18-to 22-g BALB/c mice were used in this study (Harlan, Indianapolis, IN). Approximately 1.25 ϫ 10 7 transducing units (TU) of FIV vector in a 50-l volume was delivered to the nasal epithelia via direct instillation. Adenovirus vector was delivered at 1.25 ϫ 10 7 PFU in a 50-l volume. This dose was constant for each vector administration and for each protocol. Vector was formulated with 1% methylcellulose as previously described (40) . An endotoxin assay revealed detectable levels of endotoxin (Ͻ100 endotoxin units) in the delivered volume of vehicle (data not shown). This study was approved by the University of Iowa Institutional Animal Care and Use Committee.
Bioluminescence imaging. At the time points indicated, animals were injected intraperitoneally (i.p.) with D-luciferin at 100 l/10 g of body weight of (15 mg/ml in phosphate-buffered saline [PBS]; Xenogen, Alameda, CA) using a 25-gauge needle. Approximately 5 min after luciferin injection, mice were placed in the imaging cabinet, anesthetized with 1 to 3% isoflurane, and imaged using the Xenogen IVIS charge-coupled device camera. Imaging data were analyzed and signal intensity was quantified using Xenogen Living Image software.
GP64 sandwich ELISA. For the GP64 sandwich enzyme-linked immunosorbent assay (ELISA), a 96-well microtiter plate was coated with GP64 capture antibody (470 g/l) and incubated overnight at 4°C. Blocking solution (1ϫ PBS, 5% fetal bovine serum) was applied for 3 h at room temperature without removing the capture antibody. The plate was washed with 1ϫ PBS to remove unbound capture antibody. Standard antigen dilutions were made using purified anti-GP64 monoclonal antibody (eBioscience, catalog no. 14-6995-81). Serum samples and antigen standard dilutions were prepared using blocking buffer and 0.0005% Tween 20. Dilutions for the sample serum and the standard antigen were added to their respective wells in 100-l aliquots. The plate was again incubated overnight at 4°C and washed with 1ϫ PBS. Goat anti-mouse immunoglobulin G (IgG), horseradish peroxidase (HRP)-conjugated secondary antibody (no. 31432; Pierce) or goat anti-mouse IgA, HRP-conjugated secondary antibody (no. IGA-90P; Innovative Research, Inc.) was added, and the plate was incubated at room temperature for 90 min, washed once again with 1ϫ PBS, and dried. HRP substrate solution was added, and A 405 was measured. Recombinant GP64 (a kind gift from Gary Blissard) was used to generate a standard curve. The GP64 envelope glycoprotein is the primary protein displayed on the surface of pseudotyped virions.
Ad ELISA (Indirect ELISA). A 96-well microtiter plate was coated with Ad serotype 5 (Ad5) vector and incubated overnight at 4°C. Sample dilutions were made with PBS-0.01% Tween 20. The plate was washed, and appropriate standard and sample dilutions were added. The plate was again incubated at 4°C overnight. Blocking solution was added, and the mixture was incubated for 3 h. Unbound capture antibody was removed by washing with PBS-0.01% Tween 20. Plasma and standard dilutions were added, and the plate was washed once again with wash buffer (PBS, 0.01% Tween 20) . Secondary antibody, HRP-conjugated goat anti-mouse IgG or IgA, was added at a predetermined dilution and incubated for 1 h at room temperature followed by a final rinse and addition of the substrate for visualization. A 405 was measured.
Neutralizing antibody assay. The neutralizing antibody assay was adapted from a previously described protocol (41) . Briefly, HT1080 cells were seeded at a density of 3 ϫ 10 6 cells/well in a 12-well plate. Dilutions were prepared for each serum or bronchoalveolar lavage (BAL) fluid specimen ranging from 1:10 to 1:160 in serum-free media. Each plate included a serum-free, medium-only control. GP64-FIV-Luc or Ad-Luc was incubated with sample dilutions prior to delivery to cells at a multiplicity of infection of ϳ1. Medium was changed after 24 h, and lysates were collected after 96 h. The dilution of sera or BAL sufficient to neutralize 50% of virus vector-mediated Luc expression was determined by Luc assay (Promega E-1501).
Histochemical analysis. Three weeks after vector delivery, heads were removed, fixed, stained with X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside), decalcified (32) , embedded in paraffin, sectioned, and counterstained with nuclear fast red per standard techniques. Eight-micrometer-thick coronal sections were collected at 200-mm intervals. Sections were collected at arbitrary levels of 100, 125, 150, 175, and 200 (1 level ϭ 30 m). Stereology was performed using basic methods as previously described (8) . The respiratory and olfactory epithelial areas were examined by capturing all microscopic images at a ϫ20 magnification with an Olympus DP70 digital camera and analyzed using ImagePro Plus version 4.1 computer software (Media Cybernetics, Inc., Silver Spring, MD). Areas of epithelium where the apical membrane reached the airway lumen were traced, and the number of ␤-Gal-positive cells was calculated and compared to the total number of cells within the traced area. Calculations were derived from images taken from four mice, and four epithelial areas were examined from each animal. The epithelial areas were collected ϳ3.0 to 3.4 mm caudal from the nose. Images were coded and counted by an observer blinded to this code. Measurements were counted twice independently with reproducible results.
Cytokine assays. At the appropriate end point of each experiment, mice were euthanized by carbon dioxide overdose. After euthanasia, the nasal cavity was washed with 200 l saline (in 20-l increments; 100 l per nares) as previously described (31) . Saline was administered in the nares, and the nasal wash fluid was collected with a pipetter fitted with a 20-l plastic tip, pooled, and centrifuged in a microcentrifuge at 2,300 ϫ g for 10 min to pellet cells and debris. The nasal wash fluid supernatant was removed and stored at Ϫ80°C without inhibitors. As described previously (30, 31) , we determined the concentrations of 14 cytokines using a multiplex fluorescent bead-based immunoassay (kit 48-004, Upstate Biotechnology, Lake Placid, NY). Samples were incubated with anti-mouse multicytokine beads at 4°C for 18 h. Unbound material was removed by filtration. Anti-mouse multicytokine biotin reporter was added, and reaction mixtures were incubated at room temperature for 1.5 h in the dark. Streptavidin-phycoerythrin was then added, and plates were incubated at room temperature for 30 min. Stop solution was added, and the plates were read in the plate reader (model 100 IS; Luminex, Austin, TX).
Hematocrit measurements. Blood was collected in heparinized capillary tubes following facial vein puncture using Goldenrod lancets (MEDIpoint, Inc). The collected blood was spun in a microhematocrit centrifuge (no. 15401-628; VWR Scientific, Buffalo Grove, IL) for 2 min to separate plasma from red blood cells. The percentage of red blood cells was measured with a metric ruler.
Statistics. Unless otherwise noted, all numerical data are presented as means Ϯ standard deviations. Statistical analyses were performed under consultation with Kathryn Chaloner of the University of Iowa College of Public Health Department of Biostatistics.
RESULTS
To investigate expression-enhancing benefits of acute lentivirus vector readministration to nasal epithelia, we used Luc as a sensitive and easily quantified reporter gene. In this experimental protocol (Fig. 1A) , four groups of mice received one, three, five, or seven total doses of GP64-FIV-Luc over the same number of consecutive days. A fifth group received no treatment and served as a baseline of background luminescence (not shown). Background luminescence may vary slightly from day to day; thus, naïve mice were included in every imaging session and baseline values were always subtracted from the experimental values. One week following the final dose, mice underwent bioluminescence imaging and animals were imaged again 4, 8, and 12 weeks following the final dose. After the final imaging, mice received a vector booster dose and sera and BAL fluid were collected. As shown in Fig. 1B , there was a linear increase in Luc expression from one to seven doses observed at 1 week postdelivery and expression remained stable over the duration of the experiment. These data confirm that acute repeat administration is an effective means to improve the gene transfer efficiency.
The total concentrations of anti-GP64 IgG antibodies in sera and BAL fluid were determined 1 week following a booster dose. Low-level IgG anti-GP64 antibodies (ϳ45 ng/ml) were observed in the sera for all groups (Fig. 1C) , and higher levels of IgG anti-GP64 antibodies (ϳ200 to 350 ng/ml) were observed in the BAL specimen (Fig. 1C) . Importantly, the levels of inactivating antibodies in BAL fluid were below the limit of detection (data not shown). These data indicate that while an adaptive immune response is mounted against the vector, it is insufficient to block gene transfer; however, we cannot rule out the presence of low-level inhibitory antibodies to GP64 or other vector proteins.
In parallel experiments, we delivered GP64-FIV expressing nucleus-targeted ␤-Gal to a separate cohort of mice following the same experimental timeline described in Fig. 1A . One month following vector delivery, coronal sections through the mouse muzzle were obtained as shown schematically (Fig. 2A) . Tissue section levels were arbitrarily assigned and were matched between mice based on morphological landmarks. Low-power digital photographs (Fig. 2B) were taken of the olfactory (Fig. 2C) and respiratory (Fig. 2D ) epithelia, and the percentage of transduced cells was determined. Within the olfactory epithelia, we observed a greater percentage of ␤-Galpositive cells rostrally (level 100) compared to caudally (level 200) (Fig. 2E) . For respiratory epithelia, the greatest percentage of ␤-Gal-positive cells was detected at a midpoint (level 150) (Fig. 2F) . By averaging the total percentages of positive cells across all levels, we observed a dose-dependent increase in expression from Ͻ1% for a single dose to ϳ10% for seven doses (Fig. 2G) . Furthermore, we observed no preferential GP64-mediated transduction of respiratory or olfactory epithelium.
The innate immune response following delivery of a single dose of GP64-FIV, Ad5, or vehicle was examined by measuring levels of 14 cytokines in nasal lavage at 4, 24, and 72 h after delivery (Table 1) . Most cytokines increased slightly (Ͻ50 pg/ ml) at 4 h and returned to naïve levels by 24 or 72 h. Two cytokines, KC and interleukin-6 (IL-6), increased the most at 4 h (2,000 to 3,000 pg/ml), but returned to naïve levels by 24 h. In addition, no differences were observed between GP64-FIV, Ad5, or vehicle. These data suggest that vehicle administration, in combination with the simple act of mucosal stimulation, is sufficient to elicit a response.
In addition to acute readministration to nasal epithelia, we delivered successive doses of GP64-FIV-Luc to the intrapulmonary airways via tracheal instillation (see Fig. S1A in the supplemental material). As with nasal instillation, Luc expression increased following repeat dosing. Interestingly, we observed both lung and nasal Luc expression following direct tracheal instillation (see Fig. S1B and C in the supplemental material), possibly due to mucociliary clearance of vector. Total serum IgG anti-GP64 antibodies increased slightly following tracheal delivery compared to nasal instillation (see Fig.  S1D in the supplemental material); however, inactivating antibodies were below the limit of detection (see Fig. S1E in the supplemental material).
To investigate the possibility of increasing the time interval between vector doses, we delivered priming doses of GP64-FIV, Ad5, or VSV-G-pseudotyped FIV vectors to nasal epithelia followed by a test dose. The priming dose(s) of FIV carried a firefly Luc transgene without a promoter. No Luc expression was observed following the delivery of this vector either in vitro (data not shown) or in vivo (38) . The test dose was the identical lentivirus vector, with an RSV promoter driving Luc. Mice received three, two, one, or zero priming dose at 2-week intervals (groups A, B, C, and D, respectively) followed by a test dose (Fig. 3A) . Two weeks was chosen as sufficient time for the development of adaptive immune responses. Following the test dose, mice were imaged at 4-day, 4-week, 8-week, and 12-week time points (Fig. 3A) . At the 12-week time point, a boost dose was given. One week later, serum and BAL fluid were collected. Importantly, priming doses of GP64-FIV did not result in a loss of expression from the test dose (Fig. 3B) . Unexpectedly, animals that received two or three priming doses had higher Luc expression after 12 weeks than animals receiving zero or one priming dose (Fig.  3B) . As expected, in mice that received Ad-Empty (priming dose) followed by Ad-Luc (test dose), expression from the test dose was significantly attenuated after a single priming dose (Fig. 3C) . No expression was observed in mice that received VSV-G-pseudotyped FIV (Fig. 3D) , consistent with previous observations that this vector poorly transduces polarized epithelia in the absence of agents that disrupt tight junctions (37) .
We measured IgG antibodies against Ad or GP64 in serum (Fig. 3E) or BAL fluid (Fig. 3F ) collected 1 week after the booster dose at the end of the delivery protocol (Fig. 3A) . As expected, we observed a dose-dependent increase in anti-Ad antibodies in sera following Ad vector intranasal (i.n.) instillation (Fig. 3E) . In contrast, serum levels of total anti-GP64 IgG (Fig. 3E) . The findings for total anti-Ad or GP64 IgG antibody production in BAL mirrored the sera, with the exception that no antibodies were observed in BAL following i.m. GP64-FIV (Fig. 3F) . In mice that received Ad vector, no detectable anti-GP64 IgG antibodies were found in sera (Fig. 3E ) or BAL fluid (Fig. 3F) . The attenuated expression of Ad correlated with production of neutralizing antibodies following repeated dosing (Fig. 3G) . In contrast, only low-level neutralizing antibody production was observed following lentivirus vector delivery and neutralizing antibody levels did not increase significantly with repeated doses (Fig. 3G) . The GP64 envelope glycoprotein used to pseudotype FIV is identical in amino acid sequence to the Autographa californica baculovirus envelope, which is known to elicit a strong immune response. Indeed, baculovirus-expressed GP64 fusion proteins provide tools for antibody generation (29, 42) . However, baculovirus envelope glycoprotein produced in insect cells will display glycosylation patterns different from GP64-FIV produced in human cells (18) . We delivered three doses of baculovirus or GP64-FIV via the i.n. or tail vein (intravenous [i.v.]) route at 2-week intervals. The delivered doses (ϳ9.1 ϫ 10 6 TU of GP64-FIV or ϳ3.0 ϫ 10 6 PFU of baculovirus) were matched for total GP64 protein as determined by immunoblotting (data not shown). The greatest serum IgG anti-GP64 antibody levels were observed in mice receiving i.v. or i.n. baculovirus delivery (Fig. 4A) . The prevalence of neutralizing antibodies (Fig. 4B) was consistent with the total serum anti-GP64 antibodies. These data suggest that baculovirus-associated immunogenicity is likely due to a combination of the delivery route, the GP64 glycosylation pattern, and other adjuvants missing from lentivirus vector preparations.
To investigate further the relationship between dosing interval and sustained increases in transgene expression, we delivered one, three, five, or seven doses of vector over the same number of consecutive weeks (1 dose/week) (Fig. 5A ). Between each dose, mice were imaged and sera were collected. Of note, with weekly administration of GP64-FIV-Luc, a linear increase in reporter gene expression was again observed (Fig.  5B) . Furthermore, expression was stable for the duration of the experiment. In contrast, with weekly administration of Ad5-Luc, expression quickly dropped to naïve levels (Fig. 5C) .
We quantified total IgG serum antibodies generated against Ad5 or GP64 by ELISA following each weekly vector dose (Fig. 6A) . As expected, anti-Ad5 antibodies increased with successive doses. In contrast, mice receiving repeated administration of GP64-FIV-Luc generated anti-GP64 antibodies that plateaued after the second dose. As a negative control, we measured anti-GP64 antibodies following Ad5-Luc and observed no antibodies. The total serum and BAL (Fig. 6B ) IgG antibodies against Ad5 or GP64 were quantified 1 week following a booster dose of the appropriate vector at the end of the 19-week experiment. For Ad5-Luc, we observed a dosedependent increase in IgG antibody production in both sera and BAL fluid (Fig. 6B) . In contrast, mice that received GP64-FIV-Luc repeatedly generated low levels of anti-GP64 antibodies that reached a plateau following four doses in both sera and BAL fluid (Fig. 6B) . Again, no anti-GP64 antibodies were detected in either the sera or BAL fluid following repeated doses of Ad5-Luc (data not shown). Similarly, little evidence of anti-GP64 IgA antibody response was present in BAL fluid after single or multiple doses (Fig. 6C ). This contrasted with the robust IgA responses elicted by Ad (Fig. 6C) . Neutralizing antibodies against Ad5-Luc were detected in the BAL in 2 of 4 mice after two doses and all (14 of 14 total) mice after four, six, or eight doses (Fig. 6D) . Conversely, no inactivating antibodies to GP64-FIV-Luc were detected, with the exception of 1 of 5 mice after eight doses (Fig. 6D) . These encouraging results suggest that GP64-FIV-based vectors are well suited for repeat administration to nasal epithelia. Additional study is required to determine the therapeutic utility of vector readministration to the lower respiratory tract.
We performed an additional experiment to investigate how previous vector exposure affects the success of repeat administration with longer dosing intervals. Eight groups of mice (5 (Fig. 7A) . However, the vector either contained an RSV internal promoter driving Luc or lacked an internal promoter. Again, mice that received seven doses of FIV-RSV-Luc displayed a linear increase in reporter gene expression (Fig. 7B) . Animals receiving seven doses of FIV-no promoter-Luc displayed no expression above naïve controls (not shown), while those pretreated with two or four doses of FIV-no promoter-Luc displayed linear increases in expression with each successive dose of FIV-RSV-Luc. Likewise, subsequent applications of six, four, or two doses of FIV-no promoter-Luc conferred stable Luc expression over the 3 months following the final dose. We noted a trend for mice predosed with FIV-no promoter-Luc to exhibit higher Luc expression at the conclusion of the experiment than animals receiving postdosing of FIV-no promoterLuc. Long-term stable expression lasting Ͼ78 weeks (1.5 years) was documented in mice that received seven doses of GP64-FIV-Luc (Fig. 7C) .
To investigate the potential for enhancing secreted protein expression following topical administration of lentivirus vector to nasal epithelia, we selected mEPO as a transgene. Recombinant EPO is used clinically to treat anemia from chronic disease. Airway-delivered mEPO expressed from an Ad vector was previously demonstrated to increase hematocrit (9). Here we compared seven doses of GP64-FIV-mEPO delivered over 7 consecutive days (1 dose/day) to a single dose (Fig. 8) . By 2 weeks postdelivery, functional mEPO expression was observed from the seven-dose group, as evidenced by a significant increase in hematocrit. The hematocrit increase persisted for 13 weeks, the last time point tested. We note that the hematocrit of the one-dose group was not statistically different from that of the naïve control group. These results further demonstrate that repeated vector administration is feasible and may be required to achieve desired expression levels for some transgenes.
DISCUSSION
We report here for the first time the successful in vivo readministration of lentivirus vectors to respiratory epithelia to increase expression of both reporter genes and a therapeutic gene, coding for EPO. Unlike the well-characterized and widely recognized local and systemic immune responses to adenovirus vectors that effectively prevent repeat pulmonary administration, little is known regarding host responses to lentivirus vectors. The FIV lentivirus was delivered at intervals of days or weeks with associated stable increases in reporter or therapeutic transgene expression. Despite repeated vector application and low-level antibody production, blocking immune responses failed to develop. To our knowledge, this is the first demonstration of retrovirus vector readministration at a mucosal surface. Although our vector delivery was directed to nasal epithelia, the results have implications for the therapeutic use of lentivirus vectors in pulmonary gene transfer applications.
Innate immune responses to viruses or virus vectors are a first line of defense generated within minutes to hours following virus vector administration and contrast with the slower-to-develop adaptive immunity. These responses have been extensively studied with the Ad and AAV vectors under investigation for pulmonary gene transfer applications. studies indicate that a priming dose of an Ad vector will elicit sufficient humoral and cell-mediated immunity to prevent pulmonary readministration without the use of immunosuppressive agents (44, 45) or the masking of vector epitopes with formulations such as pegylation (6) . AAV vectors have also been extensively investigated in animal models and in phase I and II clinical trials for cystic fibrosis (1, 36) . A number of capsid serotypes have been identified and tested (2, 28) . In most cases, a second dose of AAV yields lower levels of pulmonary gene transfer because of neutralizing antibody responses. Preexisting immunity against either Ad or AAV may also present a significant barrier to initial use of these vectors (14, 46) . More recently, helper-dependent Ads have shown promise for prolonged expression (22) , and perhaps readministration (24) . In addition, the ability to switch Ad or AAV capsid serotypes (serotype switching) may offer at least a temporary solution (28, 33) .
In contrast to the extensive literature regarding Ad and AAV, relatively little is known regarding the innate and adaptive immune responses to retrovirus-based vectors, and there have been no studies in the airways. McCormack and colleagues detected humoral immune responses to envelope and capsid proteins after i.m. immunization with a Moloney murine leukemia virus (MLV)-based retrovirus vector in mice and monkeys (34) . Antibody responses to the MLV vectors were dose dependent and included neutralizing antibodies; however, the antibodies failed to prevent i.m. vector readministration (34) . Furthermore, human subjects that received i.m. immunization with an MLV-based vector developed antibodies against vector-related proteins only at very high doses (11) . These findings indicated that MLV-based retrovirus vectors pseudotyped with the amphotropic envelope are poorly immunogenic.
Based on the studies described above, one would speculate that lentivirus vectors are less likely to stimulate a neutralizing immune response than encapsidated vectors such as AAV or Ad following topical delivery to the nasal epithelia. We observed minimal innate and adaptive immune responses following topical delivery of GP64-FIV-Luc to murine airway epithelia. However, a significant question regarding our findings is why repeated administration of the FIV vector failed to elicit immune responses that prevent readministration even after seven weekly doses. Based on the performed experiments, we cannot discern if the observed anti-GP64 antibodies are nonneutralizing or if low-level neutralizing antibodies were saturated by the vector dose delivered. It is unlikely that preexisting immunity to the GP64 envelope glycoprotein will present a barrier. We suspect that the GP64 glycoprotein, together with the vector-associated proteins (matrix, capsid, protease, integrase, and reverse transcriptase), is poorly antigenic when presented to the nasal mucosa (25) . In this study, only antibodies to the GP64 antigen were measured. It is possible other lentivirus antigens or cell membrane antigens could be immunostimulatory.
A transient early increase in IL-6 and KC (IL-8 ortholog) release occurred following delivery of ϳ1 ϫ 10 7 TU of FIV, titer-matched Ad5, or vehicle alone. These data suggest that vehicle impurities and/or simple physical irritation of the respiratory mucosa are sufficient to elicit transient cytokine release. Importantly, this cytokine response does not preclude persistent transgene expression following lentivirus vector transduction. In comparison to adenovirus and AAV vectors, the protein abundance and diversity of antigens presented by pseudotyped FIV are likely more limited. While not directly related to the present studies, it is interesting to note how difficult it has been to develop successful vaccines using proteins from the human immunodeficiency virus lentivirus (10) , again suggesting that lentivirus-derived proteins are poorly antigenic. These findings suggest that repeat administration the airway surface without adverse immune responses is possible.
The GP64-pseudotyped FIV vector efficiently transduced nasal epithelia and persistently expressed a transgene. We demonstrated additive increases in transgene expression with repeat dosing. We speculate that this increase in expression represents both an increase in the percentage of cells expressing a transgene (Fig. 2) and an increase in the number of transgene copies/cell. The route of vector administration may significantly influence the subsequent development of immune responses. Naldini and colleagues recently reported innate and adaptive immune responses to lentivirus vectors administered systemically and targeting hepatocytes in mouse models (5) . Our results in the nasal airways suggest that mucosal application of a lentivirus vector is less immunostimulatory than systemic delivery.
For genetic diseases, the expression of a therapeutic protein over the life of the affected individual is a goal; therefore, repeated administration of virus vectors may be necessary, and this presents unique limitations for each vector system. Innate and adaptive immune responses to lentivirus-based vectors likely vary depending on the origin of the vector, the purity of the vector preparation, the dose delivered, the route of delivery, and the number of administrations. The readministration of lentivirus vectors to the respiratory tract offers the possibility to increase the overall transduction efficiency. For example, sequential vector administration to individual lung lobes may be advantageous for practical and safety reasons. In addition, the ability to successfully redose provides a therapeutic option should expression wane over time. Lentivirus vectors are only beginning to make their debut in human clinical trials (26) . Our findings in inbred mice are encouraging and have important implications for the translation of lentivirus gene transfer technology into tools for investigating respiratory cell biology and the development of pulmonary disease therapies in large animal models and human trials. It will be important in future studies to investigate these approaches in larger, more genetically diverse animal models.
